In this paper it is addressed the prediction of form and location of detached shock waves ahead of two-dimensional and axially symmetric bodies at an zero angle of attack. As shown in Figs. 5 and 6, results show a very good agreement with experimental data. In this context an approximate method, based on a simplified form of the continuity relation, is developed to predict the location of detached shock waves ahead of two-dimensional and axially symmetric bodies. In order to reduce the problem to an equivalent onedimensional form, it is assumed that: (1) The form of the shock between its foremost point and its sonic point is adequately represented by a hyperbola asymptotic to tile free-stream Mach lines; and (2) the sonic line between the shock and the body is straight and inclined at a constant angle. Although the new methodology has some points of contact with earlier methodologies, the novelty here is that it is used Missile Datcom code as an aid to find out sonic point on body and also it is adopted Parametric System Identification (PSI) in the determination of bow shock shape which uses the Matlab® optimizer fmincon function and an active set strategy to minimize an error in a rms sense subject to simple constraint placed on the parameters by the user. The optimizer function calls a user written function which calculates the shape of the shock wave using the current parameters supplied by optimizer. Also for the shock distance L, the methodology presented here allows to select the value of the mentioned constant angle consistently based either in aerodynamics literature or through physical considerations. As the L value is previously known from measurements or aerodynamics literature, it was used an optimizer to minimize the error between predicted and known result varying a parameter which absorbs all inconsistencies that arise when it is used the basic Moeckel's model considered here. Once the principal characteristics of the shock wave are calculated, an error value is returned to optimizer function based on the differences between predicted and known results. 
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INTRODUCTION
In recent years arose the interest in the problem of predicting the form and location of detached shock waves. This interest has been stimulated by the necessity for blunt noses and leading edges on configurations designed for hypersonic flight. The ability to predict the form and location of the detached shock is of primary importance in analysis of aerodynamic heating. Knowledge of form and location also has a more elementary use in that it often influences the choice of maximum model size of a given wind tunnel (Pope and Goin, 1965) . Numerous experimental and theoretical studies have been devoted to the determination of form and location as well as the important factors influencing form and location (Billig, 1967) . If it is considered the theoretical solutions, the solvable fluid flow problems are in general divided into two distinct classes, which are, those in which the field of flow is completely subsonic and those in which the flow is supersonic, each regime having its special methods of solution and approximation. The solution of any fluid flow problem in that region between the critical Mach number and the shock detachment Mach number (transonic region) is a difficulty due in large measure to the combination of mixed subsonic and supersonic flows together with pronounced viscosity or boundary layer effects. In these cases, methods based on Computational Fluid Dynamics (CFD) may be used. With respect to the experimental methods, a number of prediction methods have been shown severely restricted in application (Love, 1957) .
It is characteristic of supersonic flight that preceding each body or attached to its nose is a shock wave. Here a differentiation should be made between pointed and blunt-nosed bodies. In the case of blunt bodies, the bow wave always remains detached similar to that shown in Fig. 1 . However, for any given sharply pointed body, there is a Mach number below which the shock wave is detached but above which it is attached in the characteristic fashion of a Mach wave, as shown in Boyer (2001) . For pointed bodies this Mach number is the detachment Mach number, and, as noted before, represents the upper limit of the transonic region. For blunt nose bodies, on the other hand, there is no upper limit defined. Many of the studies have been centered upon particular important details of the problem, and, therefore, have been locally restricted in scope, for example, studies restricted to hypersonic speeds or to regions in close proximity to the nose. Other studies have been more general in that they present methods for calculating detachment distance and shock shape without restrictions on speed or distance from the body. These methods usually involve laborious iterative procedures since the methodology is based in CFD (Azevedo et al., 1997 ).
An interesting analytical work is due to Moeckel (1949) . In this work an approximate method, based on a simplified form of the continuity relation, is developed to predict the location of detached shock waves ahead of two dimensional and axially symmetric bodies. In order to reduce the problem to an equivalent one dimensional form, it was assumed that the form of the shock between its foremost point and its sonic point is adequately represented by an hyperbola asymptotic to the free stream Mach lines, and the sonic line between the shock and the body is straight and inclined at an angle that depends only on the free stream Mach number. With these assumptions, the location of the shock relative to the body sonic point is independent of the form of the nose or leading edge ahead of the sonic point and becomes a single valued function of the Mach number.
The present research work was undertaken to obtain some rapid information about the geometrical characteristics of detached shock waves. The ultimate objective is to develop an engineering method based on the analytical, experimental and Parametric System Identification (PSI) methods for predicting shock shape and detachment distance. It is important to say that this method uses the mathematical formulation data from commercial engineering software, such as Missile Datcom® (Blake, 1998) and MISL3® (Lesieutre, 2010) . In this context, it is possible to include the influence of nose geometry of the vehicle in the determination of detached shock characteristics.
MATHEMATICAL FORMULATION
This topic presents the mathematical formulation adopted to estimate the distance between the shock wave and the body and the shape of the shock wave in a steady supersonic flow along the body at zero degree of angle of attack. The flow field to be considered is shown in Fig. 1 . The methodology is based on the Moeckel (1949) , research. Essentially, the mathematical formulation comprises three models, which is: shock wave geometry, shock wave distance from the body and continuity principle. ii. The eta angle, η (Fig. 1) , is a function of flow line deflection at the sonic point of shock wave and flow line deflection at sonic point on the body; iii. It is adopted the analogy between onedimensional channel flow and flow with detached shock waves. The sonic line is assumed to be normal to the average flow direction in its vicinity; iv. The influence of nose of the body in the shock wave shape and the distance between the shock wave and the body is obtained from Mach distribution (from commercial software) along the body surface.
Shock Wave Geometry
The most typical characteristics of detached shock waves are that (Boyer, 2001; Love, 1957; Moeckel, 1949): i. They are normal to the free stream at their foremost point; and ii. They are asymptotic to the free-stream Mach lines at large distances from their foremost point.
A simple curve that has these characteristics is a hyperbola, represented by the following equation:
The meanings of symbols were already explained in the nomenclature.
With this hypothesis, the angle between the stream direction and the tangent to the shock at any point is given after deriving (1) with respect to x and finally eliminating x. After that the result is: 
The location of the sonic point at the shock curve ( S x , S y ) is given by:
If the y-coordinate of the body sonic point ( SB y ) is used as the reference dimension, then the form of the shock wave can be modeled by: 
In which the variable S θ represent the flow line deflection at the sonic point of shock wave and SB θ is the flow line deflection at sonic point at the body. In this paper η is selected from available data from experiments or aerodynamics literature and physical reasoning.
Continuity Principle
In order to estimate the quantity The integral form of this relation is useless for the present method, inasmuch as the distribution of the flow variables along the sonic line is unknown. The distribution of stagnation pressure immediately behind the shock, however, is known. Continuity principle is defined by the analogy between onedimensional channel flow and flow with detached shock waves, the sonic line is assumed to be normal to the average flow direction in its vicinity. From this hypothesis:
Since the stagnation pressure remains constant along each streamline behind the shock, it is adopted a hypothesis which state that there is a value for "average" stagnation pressure ( 
NUMERICAL ALGORITHM
The shock wave divides the field into two parts. Everywhere upstream of the shock wave, the flow is uniform and the total head or stagnation pressure is constant. Downstream of the shock wave, the flow varies throughout the field and each stream line has a different stagnation pressure. This variation in stagnation pressure is due to the entropy change through the shock wave. The entropy change is primarily a function of the free stream Mach number and the angle of deflection of flow line ( S θ ). The methodology developed by Moeckel (1949) , uses an appropriate average value for stagnation pressure. This average value is assumed to be a quantity that exists along the streamline which represents the mass centroid of the fluid passing the sonic line. This centroid streamline enters the shock wave at x and β as parameters to be determined minimizing an error in a rms sense in a Grey Box type model of a Parametric System Identification algorithm using an optimizer. In this way, equation (1) As the basic model used here is approximate and in order to get predicted values very close to real cases it is necessary to use in equation (19) a parameter k in the following way:
In this equation, η can be selected according available data from experiments or aerodynamic literature. It is very important to note that once η is selected, B is also automatically selected from equation (17):
In this equation y S is determined through intersection with the straight line starting from x SB and y SB , inclination (η + 90) degrees with the previously numerically defined bow shock shape hyperbola, equation (1). The expected value of B should lies between 0 and 1. So L pred becomes a single valued function from k. The value of k is determined minimizing equation:
in which L obs is the observed/experimental value for L. This minimization is done via an optimizer. Also the idea shown in this text should be repeated for a wide range of Mach numbers, for the same nose, in order to get a function k = k(Mach) which will allow to readily determine L from each Mach number. vii. Determine distance ∆ between the tip of body nose and foremost point x0:
The commercial engineering software used (Missile Datcom) places the origin of coordinates system at the tip of body nose. So the originally determined SB x and SB y values are with respect to the tip of nose body. Thus:
viii. Show figure informing simultaneously body nose shape, bow shock wave shape, body sonic point coordinates, shock sonic point coordinates and distance between the tip of body nose and
With ∆ , originally determined body nose coordinates and calculated bow shock wave points coordinates this is easily done using the Matlab programs already mentioned.
PARAMETRIC SYSTEM IDENTIFICATION
It is very important to remember here that Moeckel's bow shock model is a simplified model. Thus it is worthwhile to use some parameters to adjust the original model equations in order to get realistic values. In this paper this is done to equation for L pred , which was multiplied by a parameter k to be determined with the methodology already described.
The purpose is to match calculated shock wave distance with known aerodynamic literature data, or experimental data, in order to validate the numerical approach. Essentially, the parametric system identification (PSI) consists to include an optimizer that could adjust the unknown parameters or variables until a best-fit approximation in an rms sense to experimental data is obtained. Parameter identification has several advantages over the other modeling choice as, for example, computational fluid dynamics (CFD). Creating a mathematical model which capture the shock waves characteristics using CFD is feasible, however, extremely expensive. The objective of this paper is to develop an engineering method which provides fast and low cost results. PSI ignores the complexities of the flow field (shock waves, boundary layer, and so on) and focuses on the end results. This makes PSI not only simpler, but the information that comes out of the PSI model can easily be used in improving the design. Another interesting aspect of this methodology is that PSI also handles nonlinear conditions such as heat transfer, which can be implemented in a future work.
The PSI procedure adopted in this work for determining 0 x and β follows the reasoning line:
firstly, physical and geometric data is read in from a data file. The optimizer function then calls a user written function which calculates the shape of the shock wave starting with the guessed parameters values β and 0 x supplied to the optimizer. From these initial information the optimizer, at each iteration step, adjusts the unknown parameters 0 x and β minimizing an error in an rms sense to experimental data until a best-fit approximation is obtained. The optimizer used was fmincon function from Matlab®.
To calculate the optimized value of k that enables to get a realistic shock distance L pred , it is used the numerical algorithm aforementioned. For this the initial value of k is guessed and therefore, it is necessary to update it. In this numerical algorithm the optimizer function calls a user written function which calculates the optimized value of k starting from the corresponding initially guessed value. During this calculation, once k is calculated, an error value is returned to optimizer function based on the differences between predicted L pred and observed/experimental L obs shock distance. The optimizer then adjusts the unknown parameter k and the process repeats until certain convergence criterion is met. For this, it is also used the optimizer fmincon function from Matlab®, to minimize the error between observed/experimental L obs and predicted/calculated L pred . It was observed that for low Mach number as 1.5 the value of B was unrealistic (B ≈ 1). This can be clearly understood when the equation (22) for B is examined. There, as the Mach number tends to 1, y S grows very much and η tends simultaneously to zero. This happens because the reference model used here is approximated.
RESULTS
In this section it is presented some results when the numerical algorithm is implemented via Matlab®. In this sense two different types of body nose were analyzed: Ogive and Hemispheric (H-spheric) nose. Firstly it is presented the results considering no significant errors in measurements. It is important to emphasize that the methodology was developed to treat flow field with zero degree of angle of attack. Secondly it is analyzed what happens when there are significant errors on the data points measurements. Thirdly, it is analyzed cases in which there are uncertainties about the shock location.
Geometrical configurations
The geometry of the Ogive nose, drawn using Missile Datcom®, is shown in the Fig. 2 , and the geometry of the Hemispherical nose is shown in the next Fig. 3 . It is important to emphasize that the choice of these geometries for nose shape was based on the practical application in the aerodynamic design of aeronautical vehicles. Figure 4 shows the Mach distribution on the wall of ogive for various simulation conditions. It is important to note that in all cases it was found Mach 1 (one) along a circumferential line on the wall. The numerical algorithm fails if this constriction is not met. For no significant measurements errors, Figs. 5 and 6, shows the comparative analysis between the theoretical and experimental results for the shock shape and distance of shock. In each of these figures there is illustrated the sonic point at the body and shock wave, the experimental results and the shock shape obtained from numerical algorithm above For significant errors on the data points measurements, Figs. 7 and 8 show the shape shock results when there are random errors on the bow shock shape data points measurements. In Fig. 7 the absolute value of the average random error is 0.693 and the calculations gave β = 1.057 and x 0 = 5.930 instead of β = 1.118 and x 0 = 5.223. In Fig. 8 the absolute value of the average random error is 0.076 and the calculations gave β = 2.335 and x 0 = 4.000 instead of β = 2.228 and x 0 = 5.783. The objective is to evaluate the flexibility of the numerical algorithm in the treatment of errors in the experimental measurements. For each Fig. 7 and 8 it was done also the corresponding Goodness of Fit analysis in Tab. 2. Also theoretical results were obtained based only on experimental data with random error measurements. From Figs. 7 and 8 and Tab. 2, it can be seen that although no agreement with theoretical results and experimental data with random error was achieved a better fitting was achieved for Fig. 8 with a R·sq (R_square) = 0.999. As an overall observation from Figs. 7 and 8, it can be concluded that the methodology used here is very sensitive of the accuracy of the shock shape data point measurements. 
Numerical Results

FINAL COMMENTS AND CONCLUSIONS
Using simple concepts for predicting the shape and location of detached bow shock waves it was shown how to calculate these data in a reliable fashion as shown by the figures presented in this text. From the results presented in the previous section, it is possible to conclude: > The engineering method described can be used for the first estimate for shape and shock location; > The algorithm uses data from commercial software (in this case, Missile Datcom®). In this context, the algorithm can be linked to this kind of software in order to obtain automatically the first idea of the shape and the distance of the shock from the body; > The real shock line is not a straight line, but a curved line. So the angle η is not constant, as assumed during the calculations, but really varies along the sonic line. Owing to the hypothesis of a straight sonic line, the real flow exit surface is curved and with its numerical value different from the assumed straight line. It was introduced a parameter k in order to reproduce the influence aforementioned; > Detached wave standoff distance: physically this distance arises due to energy equilibrium between the flow into and flow out in order to accommodate the corresponding temperature, density, velocity, pressure and momentum changes in the flow field owing to the presence of the body in the flow. The complete calculation procedure is also to check calculated values against the measured values. When this is done it is noted that some difference arises. These numerical differences mainly occur due to the simplified method of calculation used in this paper. It is suggested here that new improvements in this method of calculation shall be done to improve it more, for instance, using a new relationship for the η (eta) angle based on the results from the CFD methods. It can be proved that the shape and location of the shock is very sensitive with the eta angle.
